A final step in retrovirus assembly, particle release from the cell, is modulated by a small motif in the Gag protein known as a late domain. Recently, human immunodeficiency virus type 1 (HIV-1) and Moloney murine leukemia virus (M-MuLV) were shown to require components of the cellular vacuolar protein sorting (VPS) machinery for efficient viral release. HIV-1 interacts with the VPS pathway via an association of HIV-1 Gag with TSG101, a component of the cellular complexes involved in VPS. Equine infectious anemia virus (EIAV) is unique among enveloped viruses studied to date because it utilizes a novel motif, YPDL in Gag, as a late domain. Our analysis of EIAV assembly demonstrates that EIAV Gag release is blocked by inhibition of the VPS pathway. However, in contrast to HIV-1, EIAV Gag release is insensitive to TSG101 depletion and EIAV particles do not contain significant levels of TSG101. Finally, we demonstrate that fusing EIAV Gag directly with another cellular component of the VPS machinery, VPS28, can restore efficient release of an EIAV Gag late-domain mutant. These results provide evidence that retroviruses can interact with the cellular VPS machinery in several different ways to accomplish particle release.
The Gag polyprotein drives assembly and budding of retroviruses (reviewed in reference 45). Expression of viral Gag protein in the absence of any other viral protein or the viral genome results in the efficient formation and release of viruslike particles (VLPs) in a number of divergent cell types (13, 18, 50) . For many retroviruses, including human immunodeficiency virus type 1 (HIV-1), Moloney murine leukemia virus (M-MuLV), and equine infectious anemia virus (EIAV), Gag assembles into spherical membrane-encapsulated particles at the plasma membrane (45) . During the final stage of budding, a membrane fission event is required for efficient separation of the newly formed retrovirus from the cell. Concurrent with budding, the Gag polyprotein is processed by retroviral protease into matrix, capsid, nucleocapsid, and other virus-specific Gag-derived proteins.
Discrete regions within the Gag polyprotein mediate its ability to bind membrane, multimerize, and induce separation of nascent virus particles from the cell (45) . This final separation event in retroviral egress is modulated by a motif within Gag commonly referred to as the late domain. Mutations within viral late domains lead to dramatic reductions in virion-associated Gag release (15, 19, 38, 50) . Late-domain mutants characteristically accumulate as electron-dense particles at the plasma membrane that appear to be blocked from release at a very late stage, presumably at the final membrane fission event. Interestingly, late domains seem to function in a relatively context-independent manner as demonstrated by two important properties. First, late domains retain activity even when moved to atypical locations within Gag (26, 32) . Second, latedomain motifs from heterologous viruses are able to functionally replace one another (26, 32) .
Late-domain sequences have been identified in retroviruses, rhabdoviruses, and filoviruses (20, 21, 45) . To date, three motifs that can function as late domains for viral release have been identified: PTAP (22) , PPXY (49, 51) , and YPDL (38) . More recently, host proteins known to be involved in cellular membrane trafficking have been documented that interact with each of these motifs. The PTAP, PPXY, and YPDL motifs interact with TSG101 (17, 47) , Nedd4-like ubiquitin ligases (20, 25) , and adaptor protein 2 (AP-2), respectively (39) . The bestcharacterized late-domain interaction is that of the PTAP motif in the p6 region of HIV-1 Gag with cellular TSG101 (17, 47) . TSG101 is a component of ESCRT-1 (endosomal sorting complex required for transport), a 350-kDa cellular complex essential in the vacuolar protein sorting (VPS) pathway, which traffics proteins to the multivesicular body (MVB) and lysosome (6, 24) . Small inhibitory RNA (siRNA)-mediated TSG101 depletion potently blocks HIV-1 release (17). Moreover, overexpression of the dominant-negative (dn) form of an ESCRT-1 recycling factor, VPS4, inhibits particle release of HIV-1 as well as the PPPY late-domain-encoding MuLV (17) . Thus, VPS machinery is involved in the budding of both PTAPand PPPY-encoding retroviruses.
EIAV is unique among retroviruses studied to date in that it utilizes a YPDL sequence as its late domain (38) . The EIAV late domain resembles the well-characterized YXX motif that is recognized by the adaptor protein complexes, AP-1 and AP-2 (7, 11, 27) . EIAV Gag has been reported to interact with the endocytic adaptor protein AP-2 in a late-domain-dependent manner (39) ; however, the functional significance of this interaction has not been examined.
There is no obvious link between AP-2 and cellular VPS factors, nor has a role for cellular factors apart from AP-2 been described for EIAV release. In this report we utilize a dnVPS4 mutant to demonstrate that EIAV Gag particle release requires a functional VPS pathway. Additionally, targeting of an EIAV late-domain mutant to the VPS pathway by fusion to an ESCRT-1 complex protein, VPS28, restores efficient budding. Finally, we demonstrate that EIAV release is insensitive to TSG101 depletion, suggesting that EIAV normally enters the VPS pathway downstream of the ESCRT-1 complex.
MATERIALS AND METHODS
Plasmids and siRNA. Plasmids expressing the wild-type (wt) and L26A EIAV Gag were provided by Ronald Montelaro. To improve expression, EIAV gag was subcloned into the pCI expression vector containing a cytomegalovirus promoter and the hepatitis B virus (HBV) posttranscriptional regulatory element (PRE) (23) . The HIV-1 gag expression vector, pCI HIV Gag, was a gift from Ted Pierson (8) . Human VPS28 was obtained by PCR amplification from a human embryonic kidney cDNA library with primers that flank the coding region. EIAV Gag with a carboxyl-terminal fusion to human VPS28 was made by appending an XbaI site in frame at the 3Ј end of the Gag coding region by standard PCR techniques. Similarly an XbaI site was added to the 5Ј end of the VPS28 coding region. This fusion construct was cloned into the pCI expression vector. A similar strategy was used to construct EIAV Gag with carboxyl-terminal fusion to yellow fluorescent protein (YFP) by using YFP sequences derived from pEYFP-N1 (Clontech). The VPS4 open reading frame was amplified by PCR from a human embryonic kidney cDNA library (Gibco Life Technologies) and cloned into the mammalian expression plasmid TOPO pcDNA3.1 His/V5 (Invitrogen) upstream of the epitope tag. VPS4 K173A was made by Quickchange mutagenesis (Clontech). The pCMV hemagglutinin (HA) TSG101 expression vector was made by cloning of amplified TSG101 (from a kidney cDNA library) into pCMV HA (Clontech) downstream of an HA tag. All constructs made by PCR were confirmed by sequencing.
To perform siRNA-mediated TSG101 inhibition, 21-nucleotide RNA duplexes corresponding to TSG101 (nucleotides 413 to 433) were purchased from Dharmacon Inc. (sense, 5Ј CCU CCA GUC UUC UCU CGU CTT; antisense, 5Ј GAC GAG AGA AGA CUG GAG GTT). siRNA was resuspended in RNasefree water at 0.13 g/l and freeze-thawed a maximum of five times.
Cell lines and transfections. 293T cells were employed in all experiments shown except for the confocal fluorescence microscopy, where HeLa cells were used. 293T cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% bovine calf serum and penicillin-streptomycin. HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and penicillin-streptomycin. Transfections that included siRNA were performed using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions. Lipofectamine 2000 transfections were carried out in six-well plates with 2.0 g of each expression plasmid. Empty plasmid vector DNA was added to bring the total to 4.5 g DNA per well. In experiments where siRNA was used, 0.2 l (26 ng) of siRNA was added to each transfection mixture.
VLP release assays. To examine Gag VLP release, 293T cells were transfected with the designated Gag expression plasmid and any other indicated plasmid or siRNA. Forty-eight hours posttransfection, culture medium was collected, clarified by filtration through a 0.45-m-pore-size filter, loaded over a 20% sucrose cushion in phosphate-buffered saline buffer (0.14 M NaCl, 2.7 mM KCl, 12 mM sodium phosphate, pH 7.4), and centrifuged at 40,000 rpm in an SW41 rotor (Beckman) for 60 min. Pelleted VLPs were resuspended in Triton lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris [pH 8.0], 5 mM EDTA). Cell lysates were prepared with Triton lysis buffer. Samples were prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Western blotting with primary antibodies specific for EIAV Gag, HIV-1 Gag, or green fluorescent protein (GFP) (Covance, Inc.) and horseradish peroxidaseconjugated secondary antibodies (Sigma). Blots were developed using Super Signal West Pico (Pierce Biotechnology) and visualized by film or with a LAS1000Plus luminescent image analysis system (FujiFilm). Ronald Montelaro and Mike Malim kindly provided anti-EIAV Gag rabbit polyclonal and anti-HIV-1 Gag monoclonal antibodies, respectively.
Fluorescence microscopy. EIAV Gag-YFP was examined by confocal (University of Pennsylvania Morphology Core) and nonconfocal fluorescence microscopy as indicated to determine protein localization. For localization studies, HeLa cells were transfected as described above. At 24 h posttransfection cells were split onto coverslips, and at 48 h posttransfection cells were paraformaldehyde fixed, mounted, and examined for Gag-YFP localization.
RESULTS

Expression of EIAV Gag late-domain mutants and chimeric
proteins. Expression and release of wt and a late-domain mutant EIAV Gag were examined by transient expression in 293T cells by using vectors encoding wt EIAV Gag (Gag) or a Gag late-domain mutant [ld(Ϫ)Gag] that altered the previously identified EIAV late-domain sequence YPDL to YPDA. Preliminary experiments revealed that EIAV Gag expression was markedly improved by including the HBV PRE (23) in the Gag transcript (data not shown). With the use of constructs containing the HBV PRE both wt and ld(Ϫ)Gag are expressed well in cell lysates (Fig. 1A, lanes 1 and 3) . Analysis of the transfected cell supernatant demonstrated dramatically reduced levels of released ld(Ϫ)Gag particles compared to wt (Fig. 1A, lanes 2 and 4) . These data are consistent with previous findings that EIAV Gag expression in the absence of other viral components is sufficient for the efficient production of VLPs and that efficient release occurs in a YXXL-dependent manner (38) .
To facilitate localization studies of EIAV Gag, a YFP carboxyl-terminal fusion with Gag was constructed. Upon transient expression in 293T cells Gag-YFP was well expressed and exhibited a particle release phenotype similar to that with Gag alone (Fig. 1B) . As was observed with EIAV Gag, Gag-YFP particle release was blocked by the late-domain mutation (Fig.  1B) . Fluorescence microscopy of cells expressing Gag-YFP showed punctate staining that was localized at the periphery of the cell at or near the plasma membrane (Fig. 1C) . A similar fluorescence pattern was seen for the wt and ld(Ϫ) fusion proteins (Fig. 1C) , suggesting that the L26A mutation does not cause a gross mislocalization of Gag. Because the localization and budding of Gag-YFP were similar to those of wt EIAV Gag, the chimeric proteins were used in the subsequent analysis of particle release requirements.
Effect of VPS inhibition on EIAV release. Recent evidence demonstrates that the cellular VPS pathway is required for release of virions that utilize PPPY or PTAP late-domain motifs (17, 28) . Mutants affecting the cellular VPS pathway were used to examine whether EIAV Gag, which utilizes a YPDL late-domain motif (38) , requires a functional VPS pathway for efficient particle release. To inhibit the VPS machinery, we used a dn mutant of VPS4, K173A, that is unable to bind ATP and has been shown to potently inhibit the VPS pathway presumably by blocking VPS4-mediated recycling of VPS complexes (3, 4) . Upon transient transfection of 293T cells, wt VPS4 and dnVPS4 were expressed at similar levels ( Fig. 2A,  compare lanes 1 and 2) . Analysis of cell lysates revealed that coexpression with Gag-YFP resulted in a modest decrease in the Gag-YFP expression levels with dnVPS4 but not with wt VPS4 (Fig. 2B, compare lanes 1 and 3) . In contrast, release of Gag-YFP VLPs into the supernatant was dramatically inhibited by dnVPS4 but was unaffected by wt VPS4 (Fig. 2B,  compare lanes 2 and 4) . To exclude the possibility that the dnVPS4 virion release block was due to intracellular Gag protein mislocalization, cotransfected cells were examined by fluorescence microscopy. Gag-YFP localization was indistinguishable in cells expressing dnVPS4, wt VPS4, or empty vector and displayed a punctate, plasma membrane-localized pattern (Fig. 2C ). These results demonstrate that inhibition of the VPS pathway via expression of dnVPS4 induces a potent block to EIAV Gag release. Furthermore, the fluorescence microscopy results suggest that the dnVPS4-induced particle release block is specific to a late event in EIAV Gag assembly and budding.
Effect of TSG101 inhibition on EIAV release. HIV-1 Gag recruits an ESCRT-1 complex protein, TSG101, via a PTAP motif in the p6 region and possibly through ubiquitin conjugated to Gag which may interact with a ubiquitin interaction motif in TSG101 (17) . HIV-1 is hypothesized to bind to TSG101 as a mechanism to enter the VPS pathway (17, 28) . EIAV Gag lacks a PTAP motif but, like HIV-1 and many other retroviral Gag polyproteins, is modified by ubiquitin (31) . It is unknown if EIAV Gag binds TSG101 or if TSG101 is functionally required during EIAV particle release.
To examine this issue, we utilized siRNA to deplete TSG101 and determined the effect on EIAV Gag-YFP release. siRNA activity was examined by cotransfection of 293T cells with an HA epitope-tagged TSG101 and an siRNA specific for TSG101. Western blot analysis of cell lysates demonstrated that TSG101-HA expression was reduced to undetectable levels upon cotransfection of the siRNA (Fig. 3A, compare lanes  1 and 2) . Analysis with a TSG101-specific antibody consistently demonstrated that the endogenous protein is also significantly depleted in the transfected cells with the low remaining amount of TSG101 most likely due to untransfected cells that did not receive siRNA (data not shown). To study the effect of TSG101 depletion on EIAV Gag release, 293T cells were cotransfected with the TSG101 siRNA and Gag-YFP, and then 48 h posttransfection cell lysates and supernatants were analyzed for EIAV Gag-YFP. As seen in Fig. 3B , TSG101 depletion had no significant effect on either Gag-YFP expression in cells or EIAV Gag release into the supernatant (compare lanes 5 and 6 to lanes 7 and 8). In a parallel control experiment, TSG101 depletion dramatically diminished HIV-1 Gag release without affecting intracellular expression (Fig. 3B, compare  lanes 2 and 4) . Thus, while EIAV Gag-YFP budding requires VPS recycling as demonstrated by dnVPS4, the ESCRT-1 
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on September 7, 2017 by guest http://jvi.asm.org/ complex protein TSG101 does not appear to be required by EIAV Gag for efficient particle release. Targeting of EIAV Gag to the VPS pathway overcomes a late-domain defect. Our data support a role for the VPS pathway in normal EIAV assembly; however, the link between the EIAV Gag YPDL late-domain motif and the VPS machinery is unclear. To directly test whether recruitment of VPS proteins to the site of particle release is sufficient to mediate viral budding, we employed a chimeric Gag-VPS28 protein. Human VPS28 is a poorly characterized 28-kDa cytoplasmic protein that is a component of the ESCRT-1 complex along with TSG101 and VPS37 (6, 24) . The VPS28 chimeras contained a late-domain mutant form of Gag. Analysis of cell lysates and supernatants from cells transiently expressing ld(Ϫ)Gag-VPS28 showed that the protein is expressed well and the ld(Ϫ)Gag-VPS28 particles are efficiently released (Fig. 4) . As a control, release of ld(Ϫ)Gag-YFP was analyzed. Significant levels of ld(Ϫ)Gag-YFP were not detected in the supernatant (Fig. 4, compare lanes 3 and 4 to lanes 5 and 6) . However, budding of ld(Ϫ)Gag-YFP could be rescued by coexpression of ld(Ϫ)Gag-VPS28 (data not shown). In addition, fusion of TSG101 to ld(Ϫ)EIAV Gag also resulted in release of particles into the supernatant (data not shown). The ability of a VPS28 or TSG101 fusion to rescue the EIAV Gag late-domain defect demonstrates that EIAV Gag can efficiently utilize the host VPS machinery for release and suggests that retroviral particles are capable of functionally recruiting cellular budding machinery by different mechanisms.
Gag-VPS28 recruits TSG101 into particles. VPS28 normally binds tightly to TSG101 (17, 37) , suggesting that budded particles arising from expression of the chimeric ld(Ϫ)Gag-VPS28 might incorporate TSG101. To investigate this possibility, EIAV ld(Ϫ)Gag-VPS28, EIAV Gag-YFP, and HIV-1 Gag particles were examined by Western blotting for endogenous TSG101 incorporation. As shown in Fig. 4B , ld(Ϫ)Gag-VPS28 recruits significant amounts of TSG101 into particles. By comparison, HIV-1 Gag VLPs also contain significant amounts of TSG101 (Fig. 4B, lane 3) . In contrast, analysis of VLPs derived from wt EIAV Gag-YFP demonstrates that the level of endogenous TSG101 in these particles was not significantly higher than background (compare lanes 1 and 4, Fig. 4B ). This finding suggests that EIAV Gag does not specifically interact with TSG101 during budding or that the interaction is relative unstable. In addition, these findings support the TSG101 RNA inhibition data demonstrating that EIAV Gag is released by a TSG101-independent mechanism.
DISCUSSION
The cellular VPS pathway normally sorts endosomal membrane proteins to a late endosomal compartment, the MVB, for transport to the lysosome and degradation. After trafficking to the late endosome, membrane proteins are sorted from the limiting membrane of the endosome into membrane vesicles within the lumen of the organelle. Vesicles, and their included membrane proteins, are released into the lumen to create MVBs by a membrane fission event that is topologically analogous to viral budding. Sorting of proteins into the region of the endosomal membrane from which the vesicles derive and vesicular budding require specific cis-acting signals. In yeast and mammalian cells monoubiquitination is a key signal for VPS-mediated sorting. A currently accepted model hypothesizes that cellular VPS proteins, which normally carry out this membrane fission reaction or assemble factors that catalyze the reaction, are recruited to the site of viral particle release through interaction with signals encoded in Gag late domains where these cellular factors mediate the late stages of viral budding (17, 28, 37) .
EIAV is unique among retroviruses studied to date in that it utilizes a YXXL motif in Gag to direct the late stage of viral release and not a PTAP or PPPY late-domain motif commonly found either alone or in tandem in other retroviral Gag proteins. Although different late-domain motifs are used by these retroviruses, based on the data presented here for EIAV Gag and previously for M-MuLV and HIV-1, it appears that all of the identified late domains require cellular VPS machinery for efficient particle release (17) . Here we utilized a dn form of VPS4 to demonstrate that the YXXL late domain in EIAV Gag p9 requires an intact VPS pathway for efficient budding. Moreover, we have shown that the dnVPS4-mediated inhibition of EIAV Gag release is specific to a late viral budding event (Fig. 2C) .
Distinct retroviral late domains recruit VPS factors in different ways. PTAP late domains bind to the VPS ESCRT-1 complex protein TSG101 (17, 47) . PPPY-encoding Gag polyproteins enter the VPS pathway in a less defined manner. Gag polyproteins utilizing the PPPY late-domain motif have been shown to interact with the WW domain-containing Nedd4 family of ubiquitin ligases (25) . Nedd4 and Nedd4-like proteins are implicated in the ubiquitination of plasma membrane proteins destined for lysosomal degradation via the MVB (14, 43) . Monoubiquitination of target proteins appears to be a prerequisite for their entry into the VPS pathway (35) . Indeed, numerous VPS proteins (including TSG101) contain ubiquitin binding domains (35, 36) .
EIAV Gag, like all other retroviral Gag proteins studied to date, is modified by ubiquitin (31, 33) . The relationship between Gag and ubiquitin remains to be fully elucidated. Gag polyproteins from a number of retroviruses are modified by ubiquitin (30, 34, 40, 48) . Furthermore, investigators have reported that release of retroviruses utilizing either the PPPY (i.e., Rous sarcoma virus and MuLV) or PTAP (HIV-1) late domain are potently blocked by agents that inhibit ubiquitin modification (34, 42, 44) . Interestingly, EIAV Gag release is relatively resistant to ubiquitin-blocking agents (31, 33) . The reason for this disparity has not been determined but may be due to a region of EIAV Gag with homology to ubiquitin and which has been speculated to enable direct binding of EIAV Gag to ubiquitin binding factors (33) .
The mechanism of EIAV Gag recruitment of VPS factors remains to be determined. However, data indicating that EIAV Gag does not require ubiquitination or TSG101 for particle egress suggest that Gag enters the VPS pathway at a point distinct from Gag polyproteins that utilize PTAP or PPPY late domains. EIAV Gag has been shown to bind to AP-2 via the YDPL motif that constitutes its late domain (39) ; however, it remains unclear if AP-2 is functionally required for EIAV budding. Unlike TSG101 or Nedd4, AP-2 has not yet been implicated as a player in the VPS pathway, and thus, it is unclear how AP-2 binding could promote entry into the VPS pathway. Further research into EIAV budding will likely reveal new information regarding associations between known VPS factors and other cellular proteins and trafficking pathways.
In yeast, protein sorting onto MVB vesicles requires the sequential action of a series of protein complexes called ESCRT-1, ESCRT-2, and ESCRT-3 (1, 2, 24) . VPS23, the TSG101 ortholog, is an essential component, along with VPS28 and VPS37, of the ESCRT-1 complex (24) . Unlike HIV-1, M-MuLV and EIAV Gag particle release is insensitive to TSG101 depletion, implying that the late domains in these retroviruses function independently of TSG101. The ability of EIAV and M-MuLV Gag to bud in a TSG101-independent manner may suggest that these Gag polyproteins are able to bind other ESCRT-1 components. However, this hypothesis would require either that TSG101 is not essential for ESCRT-1 function or, alternately, that another protein may substitute for TSG101 in the ESCRT-1 complex to facilitate M-MuLV and EIAV virion budding. Another hypothesis for the observed lack of TSG101 dependence is that EIAV accesses the VPS pathway downstream of ESCRT-1 possibly via ESCRT-2, ESCRT-3, or other factors. Our data demonstrating efficient release of EIAV ld(Ϫ)Gag-VPS28 suggest that entry into the VPS pathway is flexible and that viruses may therefore utilize numerous mechanisms to usurp the VPS machinery. One possibility is Eps15, an adaptor complex binding protein that is implicated in trafficking of ubiquitinated proteins to the MVB (35) . Another alternative is Hrs, an endosomal adaptor protein required for epidermal growth factor receptor sorting to the MVB (46) and a mammalian ortholog of the yeast class E protein VPS27p. Hrs associates with a range of adaptor proteins including Eps15 (reviewed in reference 10) and may contain a ubiquitin interaction motif (35) . An enticing feature of invoking Eps15 and/or Hrs involvement in viral budding is their physical proximity to other known sorting proteins (ESCRT) and their potential ability to bind ubiquitinated cargo. The complete set of factors involved in MVB formation in mammalian cells is not clearly elucidated. Our results with a chimeric EIAV Gag suggest a unique method of identifying factors involved in MVB formation in higher eukaryotes. Although EIAV does not normally require the MVB ESCRT-1 complex component TSG101 for efficient virus budding, our data demonstrate that fusion to another protein from this complex, VPS28, can rescue budding of a late-domain-defective EIAV Gag. Previously it was shown that fusion of Gag to ubiquitin, a signal for sorting to the MVB, also restores efficient viral budding to a late-domain mutant (34) . The work herein extends this finding to demonstrate that proteins of the VPS pathway can be appended to Gag and function as de facto late domains. Together these results imply that fusion to a late-domain-defective Gag may be a general method for confirming the identity of proteins that are thought to be involved in MVB formation and for mapping functional domains within these proteins. Additionally, our data demonstrating coincorporation of TSG101 into the chimeric VPS28-Gag particles indicate that this strategy might be used to identify novel MVB factors by employing viral budding to enrich and purify those proteins tightly associated with the chimeric protein. For example, the yeast ESCRT-1 complex contains three tightly associated proteins, TSG101, VPS28, and VPS37. However, the mammalian ortholog of VPS37 remains unidentified. Comparison of the proteins in chimeric VPS28-Gag VLPs with those in wt Gag VLPs may help to identify mammalian VPS37 and other proteins specifically associated with VPS28.
A number of retroviral envelope proteins contain a highly conserved YXX motif in their cytoplasmic tail (5, 16, 29, 41) that, like the EIAV Gag late-domain motif, is thought to interact with AP-2. Although several studies have demonstrated that for some retroviruses these motifs can function to direct endocytosis, in other viral glycoproteins the function of this motif was not clear (29, 41) , and the role that these cytoplasmic tail motifs play in viral replication is vague. One intriguing possibility is that, similarly to the YPDL motif in EIAV Gag, these motifs in retroviral envelope proteins serve as signals that help to recruit the cellular machinery required for viral budding or to help concentrate the viral envelope proteins at sites of budding. In this regard, it is interesting that the effect of mutation in the EIAV Gag p9 YPDL motif is partially overcome when the complete viral genome is expressed (9) , perhaps suggesting that the EIAV envelope protein is compensating for the defective assembly signal in Gag.
Nonretroviral enveloped viruses such as rhabdoviruses and filoviruses also encode PTAP and PPPY late-domain motifs (12, 20) . It thus seems reasonable to presume that these viruses also recruit VPS factors during particle release. Indeed, TSG101 has been shown to be required for Ebola virus VP40 release (28) . Thus, highly divergent enveloped viruses may utilize a common membrane fission mechanism during particle release. A conserved enveloped virus release mechanism is likely an excellent target for antiviral drugs. A further understanding of the mechanisms whereby viruses recruit these cellular factors should aid greatly in development of this class of therapeutics.
